Many key regulatory proteins, including members of the Ras family of GTPases, are modified at their C terminus by a process termed prenylation. This processing is initiated by the addition of an isoprenoid lipid, and the proteins are further modified by a proteolytic event and methylation of the C-terminal prenylcysteine. Although the biological consequences of prenylation have been characterized extensively, the contributions of prenylcysteine methylation to the functions of the modified proteins are not well understood. This reaction is catalyzed by the enzyme isoprenylcysteine carboxyl methyltransferase (Icmt). Recent genetic disruption studies have provided strong evidence that blocking Icmt activity has profound consequences on oncogenic transformation. Here, we report the identification of a selective small-molecule inhibitor of Icmt, 2-[5-(3-methylphenyl)-1-octyl-1H-indol-3-yl]acetamide (cysmethynil). Cysmethynil treatment results in inhibition of cell growth in an Icmt-dependent fashion, demonstrating mechanism-based activity of the compound. Treatment of cancer cells with cysmethynil results in mislocalization of Ras and impaired epidermal growth factor signaling. In a human colon cancer cell line, cysmethynil treatment blocks anchorage-independent growth, and this effect is reversed by overexpression of Icmt. These findings provide a compelling rationale for development of Icmt inhibitors as another approach to anticancer drug development.
A C-terminal CaaX motif, where C is cysteine, the a's are aliphatic amino acids, and X can be any of a number of amino acids, targets a variety of eukaryotic proteins to a series of posttranslational modifications important for their localization and function (1, 2) . This processing is initiated by the covalent attachment of a 15-carbon farnesyl or a 20-carbon geranylgeranyl lipid to the cysteine of the CaaX motif, a reaction catalyzed by protein farnesyltransferase (FTase) or protein geranylgeranyltransferase type I (3). After prenylation, the C-terminal three amino acids (i.e., the -aaX) are removed by a specific CaaX protease termed Rce1 (4, 5) and the now Cterminal prenylcysteine is methylated by isoprenylcysteine carboxyl methyltransferase (Icmt; refs. [6] [7] [8] . As polytopic membrane proteins localized to the endoplasmic reticulum, both Rce1 and Icmt are unusual in their respective classes (9) .
Proteins that terminate in a -CaaX motif regulate a number of pathways important in oncogenesis. The best studied example is the central role of the Ras family of proteins in growth factor activation of the MAP kinase signaling cascade (10, 11) . Constitutive activation of this pathway is transforming in a wide variety of cell types, and activating mutations in Ras have been found in almost 30% of all cancers, including 50% of colon cancers and up to 90% of pancreatic cancers (12) . In addition, many cancers contain alterations upstream of Ras, and the resultant hyperactivation of Ras is thought to contribute to tumorigenesis in these cancers as well (13, 14) . Many other CaaX proteins have also been implicated in oncogenesis and tumor progression, and these proteins most likely require processing via the prenylation pathway for function (2, 15) .
Both the membrane targeting and the transforming abilities of Ras require processing through the prenylation pathway (16, 17) . For this reason, the protein prenyltransferases, most notably FTase, have been targets of major drug discovery programs for the last decade (18, 19) . Presently, several FTase inhibitors are being evaluated in clinical trials (15, 19) . These experimental agents have shown significant activity in a number of clinical trials, but the overall response rates in patients have been less than initially hoped. One possible explanation for this lack of efficacy is the process of alternate prenylation that allows some FTase substrates to be modified by geranylgeranyltransferase type I when FTase activity is limiting (20) (21) (22) . Recent studies using genetic disruption of Icmt have demonstrated that Ras proteins are significantly mislocalized and tumorigenesis is markedly impaired in cells that lack Icmt (23, 24) . After this discovery, CaaX protein methylation has gained attention as a target in oncogenesis (25) .
With emerging evidence for the importance of Icmt-catalyzed CaaX protein methylation in oncogenesis, there is a clear need for specific pharmacological agents to target this process. However, the only such agents available to date have been analogs of the substrate prenylcysteine or the product S-adenosylhomocysteine; all of these analogs have been reported to have pleiotropic effects (26) (27) (28) . Here, we report the discovery of an indole-based small-molecule inhibitor of Icmt. Treatment of cancer cells with this compound that we have named 2-[5-(3-methylphenyl)-1-octyl-1H-indol-3-yl]acetamide (cysmethynil), results in a decrease in Ras carboxylmethylation, mislocalization of Ras, and impaired signaling through Ras pathways. Cysmethynil treatment blocks anchorage-independent growth in a human colon cancer cell line, and this effect is reversed by overexpression of Icmt. These findings, together with the findings from genetic disruption of this enzyme, suggest that Icmt inhibitors may have significant therapeutic potential.
Fluka. Epidermal growth factor was from EMD Bioscience. [methyl-3 H]methionine and [methyl-3 H]AdoMet were from PerkinElmer. CellTiter 96 Aqueous One solution cell proliferation assay was from Promega. pEGFP and pLPCX were from Clontech. Sf9 membranes containing recombinant Rce1 and Icmt, termed Rce1 membranes and Icmt membranes, respectively, were made in our laboratory as described (5) . Farnesylated K-Ras was made by in vitro modification of bacterially expressed K-Ras with purified FTase as described (5) . Biotin-S-farnesyl-L-cysteine (BFC) was synthesized as detailed elsewhere (R.A.B. and P.J.C., unpublished work). Mouse embryonic fibroblast cell lines were established and maintained as described (29) . Madin-Darby canine kidney (MDCK) cells stably expressing GFP-H-Ras, GFP-K-Ras and GFP-N-Ras were a generous gift of M. Philips (New York University Medical School, New York). , and either inhibitor or DMSO in a total volume of 45 l of Buffer A. Reactions were incubated for 20 min at 37°C, terminated with 5 l of 10% Tween 20, and then 10 l of streptavidin beads in 500 l of 20 mM NaH 2 PO 4 , pH 7.4͞150 mM NaCl (Buffer B) were added. The interaction between biotin and streptavidin was allowed to proceed overnight at 4°C under gentle agitation, whereupon the beads were harvested by centrifugation, washed three times with 0.5 ml of buffer B, and resuspended in 100 l of the same buffer for radioactivity determination. In the experiments to measure potential time-dependent inhibition of Icmt, the same assay was used except that the Icmt membrane suspension was first mixed with inhibitor in buffer A; this solution was incubated for 30 min at 37°C, whereupon the remaining components of the reaction mixture were added and the reactions were incubated an additional 20 min at 37°C before product isolation and radioactivity determination.
Cell Growth Determination. Cell growth assays were performed in a 96-well plate format. Briefly, Ϸ1,000 cells were plated into each well of the plate. After 24 h, the media were replaced with media containing either compound or vehicle. Media and drug were replaced every 24 h. Cell determinations were made at the times indicated by adding 19 l of CellTiter 96 Aqueous One solution to each well followed by incubating the plates in the dark at 37°C for 2 h, after which the absorbance at 490 nm was read.
Background absorbance from blank wells containing only media with compound or vehicle were subtracted from each test well.
Localization of GFP Proteins in MDCK Cells. MDCK cells stably expressing GFP-H-Ras, GFP-K-Ras, or GFP-N-Ras were grown on 35-mm coverslips treated with poly-D-lysine. MDCK cells expressing Yes-GFP were prepared by transient transfection of the Yes-GFP construct (30), using Superfect reagent (Qiagen, Valencia, CA) following the manufacturer's instructions. Cells were grown in media containing 10% FBS to Ϸ25% confluence and then treated with 1% DMSO or cysmethynil at the indicated concentrations. Cells were imaged 72 h after drug treatment (24 h for transiently transfected cells) on an Olympus inverted microscope with an UltraView spinning-disk confocal (PerkinElmer LAS) and a krypton͞argon laser with a 488-nm line, attached to a cooled charge-coupled device camera (Hamamatsu). Initial image acquisition and manipulation was performed with METAMORPH software (Universal Imaging, Downingtown, PA).
Phosphoprotein Analysis. Cells were grown for three days in media containing 1% FBS with cysmethynil or vehicle as indicated. Half of the wells were then treated with EGF (10 ng͞ml) and half with vehicle for 10 min, whereupon cells were rinsed with PBS and harvested. Total cell lysates (30 g protein) were resolved on 4-20% Tris-glycine gels (Invitrogen). Proteins were transferred to nitrocellulose and probed with a mix of anti-phosphoAkt and anti-phospho-p42͞44 mitogen-activated protein kinase (MAPK) antibodies, or with anti-tubulin or anti-phospho NFB antibody (Cell Signaling Technology, Beverly, MA) as indicated. Visualization was performed with alkaline phosphatase (Promega) as per the manufacturer's instructions.
Generation of Stable Cell Lines Expressing GFP or GFP-Icmt.
Fulllength human ICMT was cloned into pEGFP after restriction endonuclease digestion with BamHI and XhoI. Retroviral constructs were generated by cloning EGFP or GFP-ICMT into the pLPCX retroviral vector. These constructs, along with the helper plasmid 467, were transfected into human embryonic kidney 293 cells. Virus was harvested 48 h after transfection and used to infect DKOB8 cells. Cells were treated with virus for 24 h, allowed to recover for another 24 h, selected in 0.5 g͞ml puromycin for Ϸ3 weeks, and then sorted for expression of GFP on a Becton Dickinson FACSVantageSE cell sorter. GFPpositive cells selected in this manner were cultured as per normal DKOB8 cells (31) .
Soft Agar Growth Assay. Soft agar culture media was prepared with 10% FBS in 1ϫ minimum essential medium ␣. Bottom agar (0.5 ml 2.4% noble agar in 1.5 ml of soft agar culture media) was plated in each cell culture dish. Cells were harvested by trypsinization at Ϸ80% confluence, mixed into top agar (10,000 cells per plate, 0.3% noble agar in soft agar culture media) and poured onto prepared plates. Cysmethynil or DMSO was included at the indicated concentrations in both the top and bottom agar layers. For each condition, triplicate samples were prepared. Plates were fed twice a week with 300 l of 1ϫ MEM containing 10% FBS and the appropriate concentrations of cysmethynil or DMSO. After 3 weeks, plates were stained by addition of 300 l of 10 mg͞ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (Sigma-Aldrich) in PBS followed by incubation at 37°C in an incubator with 5% CO 2 for 3 h. Plates were then treated with 0.4 M HCl in 300 l of isopropyl alcohol and incubated overnight before imaging.
Results
Identification of an Indole-Based Selective Inhibitor of Icmt. To identify small-molecule inhibitors of Icmt, we screened a diverse chemical library of Ϸ10,000 compounds. The library contained 70ϩ subfamilies derived from unique scaffolds. We used an in vitro screen in which Icmt activity was measured as the incorporation of a [ 3 H]methyl group into a farnesylated, Rce1-proteolyzed, K-Ras substrate (see Materials and Methods). Compounds that showed Ͼ50% inhibition at 50 M were subjected to a secondary screen by using a small-molecule substrate of Icmt, BFC. From this screen, we identified a group of compounds with an indole core structure that had significant activity against Icmt. The most potent of these compounds was what we term cysmethynil (Fig. 1A) . This compound was independently synthesized and characterized to confirm identity and purity (see Supporting Text and Scheme 1, which are published as supporting information on the PNAS web site), and all studies described below were performed by using the independently synthesized compound.
In the initial in vitro assay using BFC as the prenylcysteine substrate, the IC 50 for Icmt inhibition by cysmethynil was determined to be 2.4 M (Fig. 1B) . In this assay, the substrates and the inhibitor were premixed, and the reaction was initiated by the addition of enzyme. However, when the enzyme was premixed with inhibitor and AdoMet for 15 min before initiation of the reaction with BFC, a dramatic increase in inhibitor potency was observed with a measured IC 50 of Ͻ200 nM (Fig.  1B) . These data suggest that cysmethynil is a time-dependent inhibitor of Icmt. Importantly, even at concentrations up to 50 M, cysmethynil did not inhibit the other enzymes in the prenylation pathway (FTase, geranylgeranyltransferase type I, and Rce1), nor did it inhibit an AdoMet-dependent DNA methyltransferase or an unrelated protein methyltransferase (the SssI DNA methyltransferase and PCMT1 protein methyltransferase, respectively) (data not shown).
Cysmethynil Treatment Impacts Cell Growth in an Icmt-Dependent
Fashion. To evaluate the potential cellular activity of cysmethynil, we took advantage of a cell model of Icmt deficiency developed from the gene-disruption studies (32) . Reasoning that cells that had adapted to grow in the absence of Icmt activity should be resistant to the effects of the inhibitor, we treated Icmt Ϫ/Ϫ mouse embryonic fibroblasts and matched wild-type cells with increasing concentrations of the compound and monitored cell growth for 6 days (Fig. 2) . Treatment with cysmethynil resulted in a dose-dependent inhibition of growth wild-type cells (Fig. 2 A) , but Icmt Ϫ/Ϫ cells were largely unaffected (Fig. 2B) . Furthermore, when the human ICMT gene was stably expressed in Icmt Ϫ/Ϫ cells, the reconstituted cell line regained sensitivity to cysmethynil (Fig. 2C) . These results provide strong evidence for an antiproliferative activity of cysmethynil that is mechanismbased, i.e., directly due to an impact on Icmt activity.
Cysmethynil Treatment of Cells Results in Mislocalization of Ras and
Impairment of Growth Factor Signaling. Carboxylmethylation is important for proper plasma membrane localization of Ras (24) . Based on this observation, we predicted that treatment of cells with an Icmt inhibitor would lead to a loss of Ras from the plasma membrane. To test this hypothesis, MDCK cells stably expressing GFP-tagged K-Ras were treated with increasing concentrations of cysmethynil for 72 h before imaging by confocal fluorescence microscopy. As shown in Fig. 3 a-d , cysmethynil treatment led to a dose-dependent mislocalization of GFP-K-Ras. Similar effects were noted for GFP-H-Ras and GFP-N-Ras in these cells and for all three Ras isoforms expressed in mouse embryonic fibroblasts (data not shown). As a control, MDCK cells expressing a fusion of GFP to the N terminus of Yes, a protein kinase localized to the plasma membrane by N-terminal myristoylation and palmitoylation (30) , were treated under the same conditions. Cysmethynil treatment did not affect the plasma membrane localization of Yes-GFP (Fig. 3 e-h) , indicating that the compound does not globally disrupt trafficking to the plasma membrane.
Growth factor signaling to MAPK involves CaaX proteins, again most notably Ras, and inhibition of CaaX protein methylation has been reported to impair EGF-mediated phosphorylation and activation of MAPK (29, 33) . To evaluate the effect of cysmethynil treatment on EGF-mediated activation of MAPK and other signaling proteins, DKOB8 colon cancer cells were grown under low serum (1%) conditions in the presence of either vehicle or 1 M cysmethynil. After 3 days of treatment, the cells were treated with either EGF or additional vehicle. Cell lysates were separated on SDS͞PAGE and immunoblotted with a mixture of phospho-specific antibodies for Akt and p42͞44 MAPK, or with an antibody for ␤-tubulin. As shown in Fig. 3 Lower, the level of activated Akt increased Ϸ3-fold, and that of activated p42͞44 MAPK nearly 10-fold in EGF-treated cells. The EGF-induced increase in MAPK was almost completely blocked by cysmethynil treatment, whereas the increase in Akt phosphorylation was partially but not completely attenuated. This observation supports the hypothesis that cysmethynil treatment impacts on signaling through Ras-dependent pathways, because the activation of MAPK by EGF occurs primarily via the Ras pathway; corresponding activation of Akt involves both Ras-independent and Ras-dependent processes (13) . Also, it is interesting to note that under low (1%) serum conditions, cysmethynil affects cellular processes at 5-to 10-fold lower concentrations than when the cells are grown in higher (8-10%) serum, suggesting that this compound, like many pharmacological agents, is buffered by serum.
Impact of Cysmethynil Treatment on the Transformed Phenotype of
Colon Cancer Cells. The data detailed above all point to a potential impact of Icmt inhibition on blocking the transformed phenotype of cancer cells. One of the classic methods to assess transformation of cells is by measuring their ability to grow in soft agar (34) , and genetic disruption of Icmt in cells has been shown to block mouse anchorage-independent growth triggered by activated Ras (23) . To directly assess the role of Icmt in any ability of cysmethynil to block the transformed phenotype of cancer cells, we first set out to engineer the DKOB8 colon cancer cells to stably overexpress Icmt; conferring resistance to a pharmacological agent by overexpression of the target is a classic means to confirm the mechanism of action of the agent. Through this approach, we were able to create a line of DKOB8 cells expressing GFP-Icmt in which the level of Icmt activity was elevated 4-fold compared with a parallel line in which GFP alone was expressed (Fig. 4A ). Although modest, this level of Icmt overexpression was sufficient to protect the cells from cysmethynil blockade of EGF-stimulated MAPK activation (Fig. 4B) , providing further confirmation that this effect of the inhibitor is because of its ability to impact on Icmt activity in the cells.
Having established that overexpression of Icmt conferred resistance to cysmethynil, we then evaluated both cell lines for the effect of cysmethynil on anchorage-independent growth. DKOB8͞GFP and DKOB8͞GFP-Icmt cells growing in soft agar were treated with either vehicle or increasing concentrations of cysmethynil. After 3 weeks, the plates were stained with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide to identify viable cells and imaged. As shown in Fig. 4C , treatment with cysmethynil significantly impaired the ability of the DKOB8͞ GFP cells to grow in soft agar, with a concentration of 20 M dramatically reducing the ability of cells to form colonies. However, elevated Icmt activity was sufficient to rescue the ability of the cells to form colonies in soft agar in the presence of 20 M cysmethynil (Fig. 4C, second row of wells) . These results provide compelling evidence that cysmethynil blockade of Icmt is responsible for the ability of the compound to impact on both growth factor signaling pathways and on anchorageindependent growth of these cancer cells.
Discussion
The functional consequence of carboxylmethylation of CaaX proteins has been a matter of speculation since the prenylation pathway was first identified (6, 7). Icmt-catalyzed methylation is clearly essential for some biologies, as evidenced by the embryonic lethal phenotype when the gene encoding this enzyme is disrupted in mice (32) . However, the contribution of carboxylmethylation to specific biological processes has been difficult to address. Although much work has been performed by using prenylcysteine analogs or agents that elevate S-(5Ј-adenosyl)-Lhomocysteine to inhibit Icmt activity in cells (29, (35) (36) (37) (38) , the nonspecific nature of these compounds has made it difficult to attribute specific outcomes to an inhibition of Icmt (27, 28) . The establishment of cell lines lacking Icmt has greatly helped the field (23, 39), but researchers are restricted to these few cell lines.
Even with these limitations, there are exciting hints about the involvement of Icmt in a number of biological systems. Increasing evidence suggests that Icmt-catalyzed methylation impacts signaling through Ras, and more importantly, that a lack of Icmt can slow or even stop cellular transformation (23, 29, 33) . In addition, several studies have linked Icmt inhibition to significant effects on endothelial cells, including increased permeability and apoptosis (35, 36, 40) . Inhibitors of Icmt might therefore have significant utility as anti-cancer agents. In fact, there is evidence that one existing anti-cancer drug, methotrexate, targets Icmt through an elevation of its product inhibitor S-(5Ј-adenosyl)-Lhomocysteine (29) .
Although much of the work on Icmt has centered on the consequences of carboxylmethylation of Ras proteins, some intriguing findings have been reported for other CaaX proteins processed by Icmt. Methylation of RhoA plays a major role in stability of the protein (23, 41) , and the effects of Icmt inhibition on endothelial cells noted above have been suggested to be due to impact on carboxylmethylation of RhoA in these cells (35, 36) . Outside the family of GTPases, methylation of lamin B clearly influences its interaction with the nuclear envelope (39) . The identification of cysmethynil as an inhibitor of Icmt provides a selective pharmacological tool to probe the potential functional consequences of CaaX protein methylation in cellular systems 
